A large neutrino asymmetry is an interesting possibility for cosmology, which can have significant observable consequences for nucleosynthesis and the cosmic microwave background. However, although it is a possibility, there is no obvious reason to expect the neutrino asymmetry to be observably large. Here we note that if the baryon asymmetry originates via the Affleck-Dine mechanism along a d=4 flat direction of the MSSM scalar potential and if the lepton asymmetry originates via Affleck-Dine leptogenesis along a d=6 direction, corresponding to the lowest dimension directions conserving R-parity, then the ratio n L /n B is naturally in the range 10 8 − 10 9 . As a result, a potentially observable neutrino asymmetry is correlated with a baryon asymmetry of the order of 10 −10 .
It has long been known that there could exist a large cosmological neutrino asymmetry ("degeneracy") [1, 2] . This has recently become of particular interest [3, 4] , due to its effects on the cosmic microwave background (CMB), which will be observed in detail by the MAP and PLANCK satellites. In addition, a large neutrino asymmetry can also affect Big Bang nucleosynthesis (BBN) [2] and large scale structure (LSS) formation [1] . Present CMB, nucleosynthesis and LSS bounds can already exclude a range of neutrino asymmetries.
A number of suggestions for the origin of a large asymmetry have been made [5, 6] .
In the context of SUSY models, the most natural possibility is probably the AffleckDine mechanism [7] . However, athough it is possible in principle to account for a large neutrino asymmetry, there is no particular reason to expect a very large asymmetry (or, indeed, a large asymmetry which is nevertheless small enough to be compatible with present observational upper bounds). Recently, an interesting model has been proposed by Casas, Cheng and Gelmini (CCG) [6] , which is based on an Affleck-Dine mechanism in an extension of the minimal SUSY Standard Model (MSSM) involving right-handed sneutrinos, and which can account for a large lepton asymmetry. In this letter we wish to show that there is good reason to expect a large (but not too large) neutrino asymmetry from the Affleck-Dine mechanism in the context of the MSSM itself. Our main point is that typically a number of scalar fields will have expectation values along flat directions of the MSSM scalar potential at the end of inflation. If the baryon asymmetry and lepton asymmetry originate from the AD mechanism along different flat directions, then the ratio of the baryon number to the lepton number will be simply determined by the dimension of the non-renormalizable terms responsible for lifting the flat directions. For the R-parity conserving models on which we concentrate (which both eliminate dangerous renormalizable B and L violating terms from the MSSM superpotential and also allow for neutralino dark matter [8] ), the dimension of the non-renormalizable terms is even and so the lowest dimension flat directions have d = 4 and d = 6 [9] . If the observed B asymmetry originates along a d = 4 direction, then the reheating temperature is fixed to be around 10 8 GeV. In this case, if the L asymmetry originates along a d = 6 direction, the ratio of the B to L asymmetry will be 10 8 − 10 9 . As a result, a B asymmetry of about 10 −10 will naturally result in an L asymmetry in the range 0.01 − 0.1. This mechanism requires no unusually large flat direction vacuum expectation values (VEVs); it is simply the conventional AD mechanism taking into account the likelihood that more than one flat direction scalar field will have an expectation value at the end of inflation.
Lepton Asymmetry and Present Limits
A large neutrino asymmetry has a number of effects on cosmology [1, 2] . It changes the neutrino decoupling temperature, the primordial production of light elements during BBN, the time of matter-radiation equality, the contribution of relic neutrinos to the present energy density of the Universe, and alters LSS formation and the CMB. The neutrino asymmetry is usually characterized by the neutrino degeneracy parameter ξ ν = µ/T ν , where µ is the neutrino chemical potential and T ν is the neutrino temperature. T ν = y ν T γ , where T γ is the present photon temperature. y ν = (4/11)
in the absence of a neutrino asymmetry and is smaller in the presence of a neutrino asymmetry, as the neutrinos decouple at a higher temperature [2, 4] . The neutrino to entropy ratio is related to the degeneracy parameter by (for (ξ ν /π) 2 ≪ 1)
where g(T ) is the number of light degrees of freedom in thermal equilibrium (g(T γ ) = 2). BBN imposes a constraint on ξ νe [2] ,
The upper limit assumes a large asymmetry for ν µ or ν τ . In the absence of such an asymmetry, the upper bound becomes ξ νe < ∼ 0.14 (η Le < ∼ 9.6 × 10 −3 ) [2] . A more recent analysis tightens this to ξ νe < ∼ 0.09 (η Le < ∼ 6.2 × 10 −3 ) [10] . LSS imposes the bound, from the requirement of a sufficiently long matter dominated epoch,
A danger for any mechanism generating a large lepton asymmetry is that anomalous B+L violating processes acting on the thermalized lepton number could generate a baryon asymmetry of a similar order of magnitude [11] . This is suppressed if the lepton number is large enough to prevent electroweak symmetry restoration [12] , such that the sphalerons gain a mass much larger than T [11, 13] . This possibility is also important as a way to eliminate dangerous topological defects such as domain walls or monopoles [13] . The most recent estimate for the case of the three generation MSSM [14] . This translates into a lepton to entropy ratio
where we have used g(T ew ) ≈ 100. Noting that y ν < ∼ (4/11) 1/3 , this imposes a lower bound on ξ ν i (i = e, µ, τ ),
assuming entropy conservation throughout [15] . We see that with ξ νµ, τ of the same order of magnitude of ξ νe , this can be well within the range of ξ νe allowed by BBN.
This is very important, as in general we would expect the ν e asymmetry to be of the same magnitude as that of ν µ, τ . Therefore compatibility of the BBN constraint with the symmetry non-restoration constraint is essential for the existence of a model which can naturally generate a large L asymmetry. (We also note that, independent of the details of the model, the lepton asymmetry can only exist in two ranges if it is to be compatible with the observed baryon asymmetry, anomalous B+L violating processes and LSS: η L < ∼ 10 −10 and 0.016
Future observations by the MAP and PLANCK satellites are expected to probe the lepton asymmetry down to ξ ν ≈ 0.5 and ξ ν ≈ 0.25 (η L ≈ 0.035 and η L ≈ 0.017) respectively [3] .
Flat Directions and the Affleck-Dine Mechanism
The scalar potential along a flat direction during inflation has the form [16] 
where H is the expansion rate of the Universe, m is the usual gravity-mediated SUSY breaking scalar mass term (m ≈ 100 GeV), cH 2 is the order H 2 correction to the scalar mass due to the energy density of the early Universe [17] Table 2 of Ref. [9] . The magnitude of the asymmetry generated once the AD field begins to oscillate coherently is then
where φ/ √ 2 is the amplitude of the AD field when it begins to coherently oscillate at H ≈ m/c 1/2 , m is the mass of the AD scalar and δ CP is the CP violating phase responsible for generating the asymmetry. δ CP can originate in one of two ways. If the A-terms have order H corrections, the phase corresponds to the phase difference between a λ and A λ o . This is expected in F-term inflation models. In minimal D-term inflation models there are no order H corrections to the A-terms [18] . In this case, the phase is essentially the random initial phase of the AD scalar relative to the Aterms. In both cases, the most natural possibility is that δ CP ≈ 1. We will assume this throughout. The initial value of the AD scalar field is given by
The
where we have used as a typical value of the non-renormalizable self-coupling of the AD 
where f 6 is typically of the order of 1. Similarly, η 8 /η 4 ≈ 3.0 × 10 11 f 8 .
From these we see that, firstly, if the observed baryon asymmetry (η B obs ≈ (3 − 8) × 10 −11 [19] ) comes from a d = 4 direction, then the paramaters must be close to their maximal or upper bound values; T R must be close to the thermal gravitino upper bound ∼ 10 8 GeV 1 [19, 20] , whilst δ CP 4 must be close to 1. Secondly, assuming the observed asymmetry is due to d = 4 baryogenesis, the asymmetry from a d = 6 direction is given by
Thus an asymmetry of 0.01-0.1 is expected in this case. Therefore if the the L asymmetry originates from a d = 6 AD mechanism and the B asymmetry from a d = 4
AD mechanism, a large L asymmetry will exist today, which is naturally within the range of η L permitted by nucleosynthesis. SU(2) L × U(1) Y symmetry non-restoration 1 Recently it has been suggested that non-thermal production of gravitinos at the end of inflation can impose a much tighter upper bound on T R , depending on the details of the inflation model [21] . 
Affleck-Dine Cosmology Along Multiple Flat Directions
Usually, the AD mechanism is studied for the case of a single flat direction. However, it is likely that more than one flat direction scalar will have a negative order H 2 correction to its mass squared term. As a result, we can expect several flat direction fields to be non-zero at the end of inflation and to begin to oscillate coherently once
The directions which can be simultaneously flat are those characterized by operators which do not share any field in common. This can be seen by considering the D-term contribution to the scalar potential [8] ,
where α is the gauge group with generators T α and Φ i are the MSSM scalar fields. This is difficult to achieve, since it requires a heavy suppression of non-renormalizable operators along the flat direction. In our case a large neutrino asymmetry is generated via natural expectation values for the AD scalars after inflation.
We have discussed the possibility of the AD mechanism being responsible for both larger than the present horizon, will be a natural feature of the MSSM in the context of inflation models. Therefore it is quite natural that we find ourselves in a domain determined by anthropic selection.
The fact that a large lepton asymmetry is a very natural feature of the Affleck-Dine mechanism in the MSSM, in which several flat direction scalar condensates typically form after inflation, should be a source of encouragement to those interested in the cosmological effects of a large neutrino asymmetry.
